fear conditioning, and this mnemonic code contributes to the expression of learned fear behaviors. In agreement with this, CS-evoked spike firing in the amygdala is highly correlated with the expression of fear behaviors, such that CS-evoked spike firing is maximal when fear 
Figure 1. Recording Electrode Placements in the Lateral Nucleus of the Amygdala and Discriminative Spike Firing
(A) Recording electrodes were localized to the dorsal and ventral divisions of the lateral nucleus of the amygdala (LA). The spatial localization of the electrodes did not differ across groups of rats, nor did it produce any systematic differences across any of our measures within a group. The brain images are adapted from Swanson (1998) The peristimulus time histograms illustrate the sum of spike activity (spike counts) across all CS trials for the pretrain and test sessions (50 ms bins). Arrowheads indicate the onset and offset of the 2 s CS; a 500 ms period preceded and followed the CS. This single unit exhibited robust neuronal discrimination after fear conditioning. Spike firing in the short-latency bins after onset of the CS ϩ was greater during the test as compared to the pretrain session and greater than activity elicited by the CS Ϫ . dorsal and ventral divisions of LA ( Figures 1A and 1B) .
Conditional Fear Is Not Sufficient for LearningRelated Spike Firing in Lateral Amygdala
We elected to record from LA because its well-characterized short-latency (Ͻ100 ms) responses to auditory To determine whether conditional fear behavior, or the enhancement in attentional processing that a fear state CSs exhibit conditional plasticity and this plasticity relates to mnemonic processing (Buchel and Dolan, 2000; engenders, is sufficient to increase CS-evoked spike firing in LA, we compared LA spike firing evoked by a Davis, 1992; Fanselow and LeDoux, 1999; Maren, 2001; Paré , 2002) . Our population of CS-responsive units ex-CS ϩ and CS Ϫ in rats receiving discriminative auditory fear conditioning to that in rats receiving both discrimihibited a number of quantitative characteristics that are highly similar to those reported in other studies of single native auditory fear conditioning and fear conditioning to the context in which extinction testing was con-LA neurons. The average preconditioning firing rate of the units was 4.18 Hz (geometric mean, 1.75 Ϯ 0.31 Hz; ducted. The administration of contextual fear conditioning was expected to produce equivalent and high exrange, 0.10 to 28.00 Hz). The low spontaneous firing rates and wide spike widths strongly suggest that the pression of multiple behavioral fear responses, as well as facilitated attention or arousal, during extinction sesmajority of the units that we recorded corresponded to single pyramidal neurons rather than interneurons (Paré sions in which the CS ϩ or CS Ϫ was presented. We measured only conditional freezing to confirm the effectiveand Gaudreau, 1996; Washburn and Moises, 1992). 274 of the 341 units (80.4%) were classified as CS responness of our manipulation; however, the expression of conditional contextual freezing is highly correlated with sive. These units exhibited maximal responsivity within 100 ms of CS onset, and conditional changes were manithe expression of many other conditional fear behaviors (Antoniadis and McDonald, 1999). Examining spike firing fest within this time frame. Thus, all statistical analyses were confined to the average activity during this time to a CS that was never paired with a US under conditions of high conditional fear responses enabled us to deterperiod. . 56 spike firing evoked by the CS Ϫ remained at the precondiof 83 neurons (67.5%) exhibited greater short-latency tioning baseline levels (p ϭ ns, Fisher's PLSD test). The spike firing (0-100 ms post-CS onset) to the CS ϩ than neuronal discrimination evident in the population averto the CS Ϫ after fear conditioning. Importantly, our fear age ( Figure 3B ) was also apparent for single units; 63 conditioning procedure also yielded a behavioral disof 94 units (67%) exhibited greater short-latency spike crimination (Figure 2A; Figure 4A ), neuronal discrimination was conditioning only for the CS ϩ (p Ͻ .05, Fisher's PLSD present despite the absence of a behavioral discriminatest). Neuronal discrimination in CS-evoked spike firing tion in experimental rats ( Figure 4B ). This suggests that was also evident in the population average of LA spike neither elevated arousal or attentional levels, nor the firing ( Figure 2B; the CS Ϫ remained at preconditioning baseline levels deTo determine whether the expression of fear contribspite high levels of conditional freezing exhibited after utes to CS-evoked spike firing, a second group of rats fear conditioning. Thus, even if the asymptotic, or "ceil-(n ϭ 9; 94 CS-responsive units recorded; experimental ing," levels of conditional freezing observed after fear group) was subjected to both discriminative fear condiconditioning masked differences in fear levels between tioning and contextual fear conditioning to the context the CS ϩ and CS Ϫ testing sessions, our results are still in which extinction was conducted. Our manipulation incompatible with claims that the expression of fear was extremely effective in producing a high level of fear behaviors and any correlated increases in attention across the extinction sessions to a CS ϩ and CS Ϫ : rats modulate CS-evoked spike firing. exhibited significant increases in conditional freezing
In addition to examining whether attention or behavior modulates LA activity, we also sought to determine after fear conditioning during both the CS ϩ and CS and experimental rats is shown for comparison). Thus, it is unlikely that increases in LA excitability contribute changes in the spontaneous firing rate of LA neurons) enhance CS-evoked spike firing, it follows that LA excitto conditioning-related increases in spike firing to a CS ϩ . ability should correlate with levels of CS-evoked spike firing. That is, LA neurons should only exhibit increases Conditional Fear Is Not Necessary for LearningRelated Spike Firing in Lateral Amygdala in spontaneous firing rates during CS ϩ extinction sessions. To examine this, the average spontaneous firing To determine whether fear behavior or enhanced attention is necessary for the expression of conditional inrates during the pre-CS periods were calculated for each recording session for each unit. The pattern of changes creases in CS-evoked spike firing, we performed a second experiment in which we examined CS-evoked LA in spontaneous firing rates across sessions was not affected by whether or not rats had received context spike firing after inhibition of freezing behavior by pharmacological inactivation of the central nucleus of the conditioning in addition to discriminative fear conditioning (stimulus X session X group, F[1,175] ϭ 0.67, p ϭ ns). amygdala (CEA). For this experiment, fear conditioning consisted of repeated pairings of one auditory stimulus Thus, spontaneous firing rates were averaged across all rats (n ϭ 17) for each session. In addition, because with foot shock, and unlike the previous experiment, discriminative conditioning was not utilized and no CS Double y plots illustrate CS-evoked spike firing ("evoked firing," z scores averaged for each unit for the 100 ms period after CS onset) and spontaneous spike firing during the 500 ms pre-CS periods ("spontaneous firing," firing rate averaged across 10 CS trials for the pretrain session (CS ϩ and CS Ϫ data pooled) and the CS ϩ and CS Ϫ test sessions in control and experimental rats (the data from the two groups are pooled). Equivalent conditioning-related increases in pre-CS spontaneous firing rate were exhibited by neurons in LA during extinction testing to the CS ϩ and CS
Ϫ
Ϫ , yet conditioningrelated increases in CS-evoked spike firing were observed only for the CS ϩ . ciation between the excitability of neurons in LA and CS-CS processing in the amygdala. We sought to determine whether these changes contribute to conditioningevoked spike firing, indicating that conditioning-related increases in the excitability of LA neurons are not necesrelated increases in CS-evoked spike firing. Here we report strong, bidirectional dissociations between persary for the expression of conditional CS-evoked spike firing in LA.
formance-related factors and conditional spike firing in the amygdala. Under special conditions, we observed Discussion that high expression of conditional fear behaviors and amygdala hyperexcitability did not increase spike firing to a CS never paired with foot shock. Following pharmaFear conditioning gives rise to a number of behavioral and neuronal changes that could enhance or modulate cological inactivation of CEA, we observed conditional One concern with the present study is that we only measured one fear response (freezing) and that other fear responses either failed to reach a ceiling after unsignaled shock in the first experiment or survived CEA inactivation in the second experiment. Nonetheless, it is likely that fear responses other than freezing were similarly altered by our behavioral and pharmacological manipulations. In support of this, contextual fear conditioning has been shown to increase the expression of multiple fear behaviors, including heart rate changes, ultrasonic vocalizations, and body temperature changes (Antoniadis and McDonald, 1999, 2000) . Fear conditioning is also thought to bring about a state of nonspecific arousal or attention (Kapp et al., 1992) . Thus, when we examined whether high levels of conditional fear were sufficient to increase spike firing in LA to a CS that was never paired with a US, it is likely that the expression of many fear behaviors were near asymptotic, as was conditional freezing, and that the animals were in a highly aroused and attentive state. Similarly, when we examined whether abolishing conditional fear alters CS- An unexpected outcome of the present study was the discovery that fear conditioning induced increases in increases in LA spike firing despite the absence of both the spontaneous firing rate of LA neurons that were fear behavior and hyperexcitability of amygdala neuindependent of both CS-evoked spike firing and ongoing rons. Thus, the expression of conditional freezing and behavior. Indeed, spontaneous firing rates among LA conditioning-induced increases in amygdala excitability neurons in the control group were elevated during both were neither necessary nor sufficient to produce inthe CS ϩ and CS Ϫ test sessions, in which freezing behavior was highly discriminative. Although we did not examcreases in CS-evoked spike firing in LA.
These observations indicate that conditioning-related ine naive (nonshocked) rats, this pattern of results suggests that foot shock exposure alone may have changes in CS-evoked activity are not attributable to facilitated CS processing accompanying fear-related inproduced a nonassociative sensitization of neuronal excitability in LA. Interestingly, this sensitization effect did creases in attention or arousal. In addition, these data suggest that a state of immobility does not enhance not manifest itself in behavior insofar as the elevated spontaneous activity of LA neurons during the CS Ϫ test passive acoustic properties, enabling sound waves to produce larger responses in the cochlea or its efferents. session in control rats was not accompanied by conditional freezing. However, inactivation of CEA markedly Also, it is clear that the behavioral state of an organism does not modulate CS-evoked spike firing. By breaking reduced the conditioning-related increase in spontaneous activity (and conditional freezing) without affecting the tight correlation between rapidly expressed conditional plasticity and other changes that accompany fear CS-evoked spike firing. This is interesting in light of studies implicating the CEA and LA in nonassociative learning, our data provide particularly compelling evidence that conditional plasticity in LA is reflective of a sensitization of fear (Bellgowan and Helmstetter, 1996; Hitchcock et al., 1989; Sananes and Davis, 1992). Nevermnemonic code, rather than a bias imparted by the expression of fear behavior. In agreement with this, the theless, the presumed shock sensitization of neuronal excitability in LA we observed was dissociable from only factor that predicted the amount of spike firing generated by a CS was its associative history with a US.
conditioning-related increases in CS-evoked spike fir-ing, suggesting that they represent parallel but distinct In conclusion, the present results reveal that CSlearning processes in the amygdaloid circuitry. evoked spike firing in the LA reflects an associative The present report confirms and extends results from memory, not a bias imparted by the fear state the CS previous examinations of the relationship between engenders. Because neuronal responses in the amygamygdala neuronal activity and measures of fear learndala are dissociable from fear behaviors, our results ing. We have previously shown that conditioning-related provide strong evidence that CS-evoked spike trains in changes in LA spike firing parallel conditional freezing, LA represent a mnemonic code that is a cause, not a even after extensive overtraining (Maren, 2000) . Other consequence, of conditional fear responses. Accordstudies have reported dissociations between condiingly, these data lend further support to the view that tional amygdala spike firing and fear behavior. In these the amygdala, and the LA in particular, plays a critical cases, conditional amygdala plasticity has been rerole in associative processes governing the encoding, ported to persist after behavioral fear responses have creases in CS-evoked spike firing in the amygdala. the second session consisted of ten coterminating CS ϩ /foot shock if they failed to show CS responsivity (unit activity of at least 3 standard deviations above baseline in either of the first two 50 ms pairings. Some rats were returned to their home cages and received no further training. These rats served as a control group to confirm bins after CS onset) in at least one session, or if the CS responsivity exceeded 30 standard deviations. The spontaneous firing rate of that this fear-conditioning paradigm produced robust behavioral and neuronal discrimination between a CS ϩ and CS Ϫ . Other rats each unit was calculated by measuring the number of times the unit fired in the 500 ms period immediately preceding each CS (experimental group) received an additional training session after the CS ϩ training session. These rats were returned to the baseline presentation and calculating a single average rate across the 10 trials for each session. We have previously determined that spontarecording context (context B) and received 10 unsignaled foot shocks (60 s ISI) to generate fear of the context in which they would neous firing rates do not vary with successive CS presentations during extinction sessions (K.A.G. and S.M., unpublished observalater be tested. Approximately 16 hr after the last conditioning session, all rats were placed in context B for two extinction sessions tions). (test). In each session, one of the CSs (either CS ϩ or CS Ϫ ) was presented (10 trials; 60 s ITI), and the testing order for CSs was Histology After the last experimental session, rats were overdosed with socounterbalanced across rats. Importantly, both auditory CSs (white noise or tone) produced equivalent patterns of results when used dium pentobarbital, and a weak anodal current (80 A, 10 s) was passed through the electrode wires to aid in the identification of as the CS ϩ , and the order in which CS extinction tests (CS ϩ or CS Ϫ ) were conducted also had no effect on the results (data not shown). electrode placements. Rats were then transcardially perfused with 0.9% saline and 10% formalin. The brains were postfixed in 10% In a second experiment, reversible inactivation of the CEA was used to assess the necessity of conditional freezing for LA singleformalin/30% sucrose for at least 48 hr. Coronal brain sections (55 m) were cut on a cryostat, and sections were stained with thionin unit activity. This experiment used a standard (single CS) auditory fear-conditioning paradigm. Rats were infused with VEH (0.3 l/side; to visualize cell bodies, electrode tracks, and cannula tracks. 0.1 l/min) and placed in a conditioning chamber for a pretraining session in which ten auditory CSs (white noise burst) were presented
